Introduction {#sec1}
============

Lung cancer is the second most common cancer in both men and women in the United States, and it is by far the leading cause of cancer death over the past three decades.[@bib1] Five-year survival of lung cancer patients is still only 18.6% for all stages, despite the use of intensive combined therapies and recent advances in molecular targeting therapies. To improve this poor prognosis, new therapeutic modalities are urgently required.

In the past decade, oncolytic viruses (OVs) were developed as a new class of therapeutic agents for cancer treatment. These agents function by promoting tumor cell lysis via preferential replication of OVs in tumor cells, followed by activation of the host's antitumor immunity.[@bib2], [@bib3], [@bib4] Very recently, talimogene laherparepvec (T-Vec), an oncolytic herpes simplex virus type 1 engineered to contain granulocyte-macrophage colony-stimulating factor (GM-CSF) cDNA, was approved by the Food and Drug Administration of the United States as the first OV immunotherapy for advanced melanoma.[@bib5] Using other types of viruses, such as adenoviruses, reoviruses, measles viruses, and Newcastle disease viruses, many other OVs have been developed and are currently undergoing pre-clinical and clinical studies for many types of cancers.[@bib6] However, tumor cells often become resistant to OVs because of downregulation of their receptors, leading to insufficient proliferation and transmission of viruses. Therefore, novel OVs targeting different tumor-expressing receptors with strong proliferative ability would be useful in the clinical setting.

Coxsackievirus is a member of genus *Enterovirus*, family Picornaviridae, and is further divided into two groups: coxsackie A (CVA) and coxsackie B (CVB). It is a non-enveloped virus that is icosahedral in structure, and the capsid encloses a single strand of positive-sense RNA genome, approximately 7.4 kb in length.[@bib7], [@bib8] A strain of CVA, CVA21, that uses intracellular adhesion molecule-I and decay-accelerating factor (DAF) as its receptors was developed as an OV.[@bib9] Various clinical trials of CVA21 targeting non-small cell lung cancer (NSCLC), melanoma, breast cancers, prostate cancers, or head and neck cancers have been carried out since 2005.[@bib9] To obtain a novel potent OV, we previously screened 28 enterovirus strains and found that coxsackievirus B3 (CVB3), which uses coxsackievirus and adenovirus receptor (CAR) and DAF as its receptors, was a highly potent OV capable of targeting a wide range of human tumors, including NSCLC.[@bib10], [@bib11] Despite these promising results, safety issues persist: due to its broad tropism, CVB3 can cause myocarditis, pancreatitis, and aseptic meningitis.[@bib12], [@bib13], [@bib14] Accordingly, elimination of these virulent features of CVB3 is essential for developing CVB3-based OVs in the clinical setting.

To inhibit virus replication in normal organs, we took advantage of the ability of microRNAs (miRNAs) to regulate gene expression. Several reports have shown that the off-target toxicity of OVs can be reduced by inserting miRNA target sequences into the viral genomes.[@bib15], [@bib16], [@bib17], [@bib18] miRNAs mainly cause degradation or translational inhibition of mRNAs by guiding the RNA-induced silencing complex (RISC) to mRNA targets, which contain sequences that are imprecisely complementary to miRNAs.[@bib19], [@bib20] In addition, the expression profiles of many miRNAs can be clearly distinguished between normal and cancerous cells.[@bib21] miRNA-34 (miR-34) is a family of tumor suppressor miRNAs, transcriptionally activated by TP53, that comprises three members: miR-34a, miR-34b, and miR-34c. miR-34a is expressed in most normal tissues, but not in many cancer cells; miR-34b and miR-34c share a common precursor transcript and are expressed predominantly in normal lung and brain.[@bib22], [@bib23], [@bib24]

Therefore, we hypothesized that insertion of target sequences for miR-34a (miR-34aT) and miR-34c (miR-34cT) in the CVB3 genome would reduce pathogenesis of CVB3. We demonstrated that CVB3 harboring miR-34 target sequences could be useful for cancer treatment. This is the first report to demonstrate the effectiveness of miR-34-controlled gene regulation in an OV.

Results {#sec2}
=======

Expression of miR-34a and miR-34c in Cancer Cells and Normal Tissues {#sec2.1}
--------------------------------------------------------------------

To determine the expression levels of miR-34a and miR-34c in cancer and normal cells, we first examined an NSCLC H1299 and normal bronchial epithelium BEAS-2B cells for the expression of both miR-34a and miR-34c, using qRT-PCR ([Figure 1](#fig1){ref-type="fig"}A). H1299 cells expressed much lower levels of miR-34 than BEAS-2B cells. We also examined miR-34a expression in normal organs of mice and found that it was expressed at higher levels in all organs, particularly in brain, pancreas, heart, and lung, than in H1299 cells. Brain and lung also expressed miR-34c abundantly ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Insertion of miR-34 Target Sequences in CVB3 Efficiently Decreases Cytotoxicity in miR-34-Expressing CellsExpression levels of miR-34a and miR-34c in the human NSCLC cell line H1299 and the normal bronchus epithelium cell line BEAS-2B (A), and in C57BL/6 mouse tissues (B). Values were measured by qRT-PCR and normalized against endogenous 18S rRNA. Data represent means ± SD of triplicate assays. (C) Schematic diagram of WT-CVB genome and insertion site of miR-34aTs (34aT) in 5-CVBs (5a-CVB and 5c-CVB) and miR-34cTs (34cT) in 3-CVBs (3a-CVB and 3c-CVB). (D) Representative images of H1299 cells transfected with miR-34a mimics (miR-34a-H1299) and miR-34c mimics (miR-34c-H1299), followed by inoculation with indicated viruses at an MOI of 10^−4^ to 1. Cytotoxicity of each virus was determined 72 h post-infection by crystal violet staining. All experiments were repeated at least three times. (E) Expression levels of miR-34a and miR-34c in a human cancer cell lines: NSCLC, A549; cervical cancer, HeLa; and pancreatic cancer, AsPC. Data represent means (values above each bar) ± SD of relative level of H1299 cells from triplicate assays, and dotted lines indicate average level of BEAS-2B. (F) Cell viability of cancer cell lines and BEAS-2B was determined by MTS assay 72 h after inoculation with the indicated viruses. Data represent means ± SD of relative viable cell number versus un-infected cell number from triplicate assays. \*\*p \< 0.01; \*\*\*p \< 0.001 versus WT-CVB (Tukey's test); ^†^p \< 0.05 5a-CVB versus 5c-CVB (Tukey's test).

Insertion of miRNA Target Sequences in 5′ UTR or 3′ UTR of CVB3 Genome {#sec2.2}
----------------------------------------------------------------------

These results suggested that insertion of miR-34aT or miR-34cT into the CVB3 genome would suppress viral translation and proliferation in normal cells expressing these miRNAs. Based on previous reports about insertion-tolerant sites of picornaviruses,[@bib25], [@bib26] we predicted that miRNA target sequences (miRTs) could be inserted in the 5′ region immediately upstream of the start codon, as well as in the 3′ region just downstream of the stop codon. In addition, insertion of four copies of miRT in viral vector genomes can be efficiently controlled by complementary miRNAs.[@bib27] Therefore, we engineered miRNA-regulated CVB3s (miRT-CVBs) by inserting four tandem miR-34aTs or miR-34cTs into the 5′ UTR (nt 743) (5-CVBs: 5a-CVB and 5c-CVB) or 3′ UTR (nt 7,305) (3-CVBs: 3a-CVB and 3c-CVB) of the CVB3 genome ([Figure 1](#fig1){ref-type="fig"}C). We also constructed control CVB3s (Ctrl-CVB) by inserting an miRNA target gene corresponding to *C. elegans* miR-39, which does not exist in mammalian cells, in the 3′ UTR as 3-CVB.

Improved Tumor Specificity of CVB3 by Inserting miRTs in UTRs {#sec2.3}
-------------------------------------------------------------

To examine the effect of miRT insertion in the CVB3 genome on cytotoxicity, we transfected synthetic miR-34a or miR-34c mimics to H1299 cells. After confirming successful transfection of both miRNA mimics at almost the same level, the cells were inoculated with miRT-CVBs ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Seventy-two hours later, in untransfected H1299 cells, all miRT-CVBs induced massive cell lysis, as did wild-type CVB3 (WT-CVB) and Ctrl-CVB ([Figure 1](#fig1){ref-type="fig"}D, left panel). By contrast, H1299 cells transfected with miR-34a or miR-34c exhibited much less cell lysis when infected with miRT-CVBs harboring complementary miRTs. 3-CVBs exhibited less cytotoxicity than 5-CVBs, and miRT-CVBs with miR-34aT exhibited less cytotoxicity than miRT-CVBs with miR-34cT ([Figure 1](#fig1){ref-type="fig"}D, middle and right panels). These results indicated that insertion of miRTs made CVB3 less toxic only in cells expressing miR-34a or miR-34c.

To further examine the effect of miRT-CVBs on tumor and normal cells, we inoculated WT-CVB or miRT-CVBs into several tumor cell lines, including H1299, A549, HeLa, and AsPC, as well as BEAS-2B. All tumor cells expressed less miR-34c than BEAS-2B cells, but A549 and HeLa cells expressed higher levels of miR-34a than BEAS-2B cells ([Figure 1](#fig1){ref-type="fig"}E). As expected, 5c-CVB and 3c-CVB exhibited strong cytotoxicity, comparable with that of WT-CVB in all tumor cells, even at an MOI of 0.001 ([Figure 1](#fig1){ref-type="fig"}F; [Figure S1](#mmc1){ref-type="supplementary-material"}B). Moreover, 5a-CVB and 3a-CVB unexpectedly induced strong cytotoxicity in miR-34a-high A549 and HeLa cells, as well as in miR-34a-low H1299 and AsPC cells ([Figure 1](#fig1){ref-type="fig"}F; [Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). Normal bronchus epithelium BEAS-2B cells were much more resistant to WT-CVB than tumor cells, but at a 100-fold higher titer (MOI of 0.1), only 30% of cells survived ([Figure 1](#fig1){ref-type="fig"}F; [Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). Importantly, in contrast with the results obtained with tumor cells, the majority of miRT-CVBs exhibited reduced cytotoxicity in BEAS-2B cells ([Figure 1](#fig1){ref-type="fig"}F; [Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). 5a-CVB resulted in 60% viability at an MOI of 0.1, whereas the cytopathic effect of 5c-CVB was almost the same as that of WT-CVB. In addition, more than 80% of cells survived when inoculated with 3-CVBs. These findings suggest that insertion of miR-34aT or miR-34cT into the 3′ UTR of CVB3 genome is an effective strategy for reducing cytotoxicity in normal cells without losing antitumor activity.

Antitumor Activity of miRT-CVBs in Mouse Tumor Models {#sec2.4}
-----------------------------------------------------

To investigate the antitumor activity of miRT-CVBs *in vivo*, we injected miRT-CVBs into tumors derived from H1299 cells transplanted into BALB/c nude mice. After subcutaneously transplanted tumors reached 0.5 cm in diameter on day 2, we injected miRT-CVBs or WT-CVBs intratumorally (i.t.) at 1 × 10^6^ median tissue culture infectious dose (TCID~50~) on days 2, 4, 6, 8, and 10. Control mice exhibited continuous tumor growth, whereas all virus-treated groups exhibited complete tumor regression ([Figures 2](#fig2){ref-type="fig"}A and 2B) with no death during the observation period, indicating that miRT-CVBs were preserving antitumor activities as effectively as the original WT-CVB ([Figures 2](#fig2){ref-type="fig"}C and 2D). Importantly, although transient weight loss was observed in WT-CVB-treated mice and 5-CVBs after the injections started, no weight loss was observed in 3-CVB-treated mice, suggesting that the toxicity of 3-CVBs was reduced in non-tumor tissues ([Figures 2](#fig2){ref-type="fig"}E and 2F).Figure 2Effect of miRT-CVBs on Tumors and Hosts in Mouse Tumor ModelsBALB/c nude mice received s.c. transplantation of 5 × 10^6^ H1299 cells. Arrows indicate the timing of five doses (5 × 10^6^ TCID~50~) of i.t. injection of indicated viruses or vehicle control. 5-CVBs (A, C, and E), 3-CVBs (B, D, and F), WT-CVB, and vehicle control were injected intratumorally. (A and B) Tumor volume was measured every 2 days. Data represent means ± SD of each group. (C and D) Overall survival of transplanted mice. Kaplan-Meier survival curve is shown, and the statistical difference between the control group and each virus-treated group was evaluated by log rank test. (E and F) Body weight was measured every 2 days. Data represent means ± SD. Each group consists of four or five mice.

Reduced Normal Organ Injury by miRT-CVB Treatment {#sec2.5}
-------------------------------------------------

To determine whether insertion of miRTs in 5′ UTR or 3′ UTR could alleviate WT-CVB-associated pathogenicity, we performed blood biochemistry tests and pathological examination of our xenograft mouse models. Nude mice received a single i.t. injection of viruses (1 × 10^6^ TCID~50~) 2 days after inoculation of H1299 cells, and blood samples and mouse organs were collected 2 days after virus injection. Moreover, there were no significant changes in serum blood urea nitrogen (BUN) or total bilirubin (T-bil) levels in mice treated with any types of CVBs ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). In WT-CVB-treated mice, serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), and amylase levels were significantly increased ([Figures 3](#fig3){ref-type="fig"}A and 3B), and histological signs of pancreatic injury, such as destruction of acinar cells with inflammation, were observed ([Figures 3](#fig3){ref-type="fig"}C and 3D). Although 5-CVBs failed to reduce the WT-CVB-associated pathogenicity ([Figures 3](#fig3){ref-type="fig"}A and 3C), 3-CVBs did not significantly increase the level of any enzyme except ALT, and they also induced less pancreatic injury ([Figures 3](#fig3){ref-type="fig"}B and 3D). There was no significant difference in serum enzyme levels between 3a-CVB- and 3c-CVB-treated mice. Because elevated LDH reflects damage to many organs, the reduced LDH elevation in 3-CVB-treated mice could have resulted from restriction of virus replication in a wide range of organs. Although CVB3 has been reported to cause some pathological changes in mouse heart tissue,[@bib26], [@bib28], [@bib29] we did not observe any significant pathological findings in the heart, such as myocardial necrosis or inflammation, in mice treated with any type of virus, including WT-CVB ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). In addition, we did not observe any pathological findings in the livers of any mice ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). These results indicated that 3-CVBs are safer than 5-CVBs and WT-CVB, and that in particular 3a-CVB was the best miRT-CVB in terms of antitumor effect and safety, although this virus still induced mild ALT elevation.Figure 3Blood Biochemistry Test and Pathological Examination of Mice Xenografted with Human Tumors after Treatment with miRT-CVBsH1299 cells (5 × 10^6^) were transplanted s.c. into BALB/c nude mice; then vehicle control or indicated viruses were inoculated at 5 × 10^6^ TCID~50~ 2 days after transplantation. 5-CVBs (A and C), 3-CVBs (B and D), WT-CVB, or vehicle (A and B) was inoculated. Blood samples were collected at 2 days post-inoculation, and serum ALT, AST, LDH, and amylase levels were measured. Data represent means ± SD of eight or nine mice in each group. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 versus control group (Tukey's test); ^††^p \< 0.01 5a-CVB versus 5c-CVB group (Tukey's test). (C and D) Representative pathological images of pancreas. Magnification: 10× + 2× zoom. Scale bars, 100 μM. All experiments were repeated twice.

Double Insertion of miR-34aTs Improves the Safety of CVBs without Diminishing Their Antitumor Effect {#sec2.6}
----------------------------------------------------------------------------------------------------

To further improve the safety of 3a-CVB, we modified CVB3 to be more downregulated by miR-34a. For this purpose, we inserted four tandem miR-34aTs not only in the 3′ UTR, but also in the 5′ UTR of the CVB3 genome (53a-CVB), to increase the number of miR-34a-binding sites ([Figure 4](#fig4){ref-type="fig"}A). We first compared the cytotoxicity of 53a-CVB in H1299 cells with that of 5a-CVB, 3a-CVB3, and WT-CVB. 53a-CVB exerted strong cytotoxicity in H1299 cells, like other miRT-CVBs, but less cytotoxicity than 5a-CVB and 3a-CVB in miR-34a-transfected H1299 cells ([Figure 4](#fig4){ref-type="fig"}B). Although viral replication of miRT-CVBs was slower than that of WT-CVB, virus production of miRT-CVBs reached almost the same level as that of WT-CVB at 12 h or later in H1299 cells, and decreased virus production was found in cells with a complementary combination of miRNAs and miRT-CVBs ([Figure 4](#fig4){ref-type="fig"}C). 53a-CVB also killed other cell lines very efficiently, although HeLa cells were slightly more resistant to 53a-CVB than to WT-CVB ([Figure 4](#fig4){ref-type="fig"}D; [Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). 53a-CVB also exerted significantly lower cytotoxicity than 5a-CVB, 3a-CVB, and WT-CVB in BEAS-2B cells because of a significant reduction in virus replication ([Figure 4](#fig4){ref-type="fig"}D; [Figure S1](#mmc1){ref-type="supplementary-material"}F). Furthermore, we observed an antitumor effect of 53a-CVB using H1299 cell-injected mice, and found that 53a-CVB induced complete tumor regression, similar to 5a-CVB, 3a-CVB, and WT-CVB, resulting in no tumor-associated death ([Figures 4](#fig4){ref-type="fig"}E and 4F). In contrast with WT-CVB- and 5a-CVB-treated mice, neither 3a-CVB- nor 53a-CVB-treated mice lost weight after starting the treatment ([Figure 4](#fig4){ref-type="fig"}G).Figure 4Antitumor Effect of a Double-miR-34aT-Inserted CVB3, 53a-CVB, *In Vitro* and *In Vivo*(A) Schematic diagram of 53a-CVB, showing insertion sites of miR-34aT constructs in the 5′ UTR and 3′ UTR of the CVB3 genome. (B) Representative images of H1299 cells transfected with miR-34a mimics, followed by inoculation with indicated viruses at an MOI of 10^−4^ to 1. The cytotoxicity of each virus was determined by crystal violet staining at 72 h post-infection. All experiments were repeated at least three times. (C) Replication kinetics of miRT-CVBs were evaluated using single-step growth curve analysis (MOI = 3) in H1299 cells transfected with miR-34a mimics (miR-34a-H1299) or miR-34c mimics (miR-34c-H1299). Data are represented as mean virus titer ± SD. (D) The cell viability of cancer cell lines and BEAS-2B was determined by MTS assay 72 h after inoculation with the indicated viruses. Data represent means ± SD of relative viable cell number versus un-infected cell number from triplicate assays. \*p \< 0.05; \*\*\*p \< 0.001 versus CVB3-WT (Tukey's test); ^†^p \< 0.05 CVB3-53A versus CVB3-3A (Tukey's test). For *in vivo* studies, BALB/c nude mice received s.c. transplantation of 5 × 10^6^ H1299 cells. Arrows indicate timing of five doses (5 × 10^6^ TCID~50~) of i.t. injection of indicated viruses or vehicle control. Tumor volume (E) and body weight (G) were monitored every 2 days. (F) Survival curves of mice treated with indicated viruses. Differences between control group and each virus-treated group were statistically evaluated by log rank test. Data represent means ± SD. Each group consists of five mice. (H) A549 cells (miR-34a-high) were treated with 10 μM LY294022, 10 μM PD0335901, or DMSO for 1 h, followed by inoculation with indicated CVBs. Sixteen hours later, living cell numbers were determined by MTS assay. \*p \< 0.05; \*\*p \< 0.01 versus WT-CVB (Dunnett's test).

Aberrant Activation of Oncogenic Pathways May Defeat miRT-Mediated Inhibition of CVB3 Replication {#sec2.7}
-------------------------------------------------------------------------------------------------

As shown in [Figure 4](#fig4){ref-type="fig"}D, although miR-34a was expressed at higher levels in A549 and HeLa cells than in normal bronchial BEAS-2B cells, 53a-CVB exerted stronger cytotoxicity in these tumor cells as 5a-CVB or 3a-CVB at much lower titers than in non-tumor cells. Because CVB3 replication is dependent on signaling pathways such as phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway, which are aberrantly activated in tumor cells,[@bib12], [@bib30] we hypothesized that those activated pathways would override downregulation of CVB3 replication by miR-34a in tumor cells. To demonstrate this hypothesis, we examined the inhibited effect of those pathways on the cytotoxicity of miRT-CVBs in cancer cell lines. While a PI3K inhibitor LY294002 or MEK inhibitor PD0325901 decreased the cytotoxicity of WT-CVB to some extent in A549 cells, these inhibitors further decreased the cytotoxicity of miR-34aT-CVBs, particularly 53a-CVB ([Figure 4](#fig4){ref-type="fig"}H; [Figure S5](#mmc1){ref-type="supplementary-material"}), which supports our hypothesis. In contrast, a reduction in cytotoxicity by those inhibitors was independent of the type of CVBs in AsPC cells expressing a very low level of miR-34a. This result further suggests that miR-34a-induced inhibition of miR-34aT-CVB replication could be overridden by aberrantly activated PI3K/Akt and/or MAP/ERK/MEK pathways in tumor cells.

Extremely Low Toxicity of 53a-CVB in Tumor Mouse Models {#sec2.8}
-------------------------------------------------------

To confirm the safety of 53a-CVB *in vivo*, we evaluated organ injury by performing blood biochemistry tests and pathological examination in mice injected with H1299 cells. As in previous experiments ([Figure 3](#fig3){ref-type="fig"}A), although no CVBs increased serum BUN or T-bil levels ([Figure S2](#mmc1){ref-type="supplementary-material"}C), WT-CVB and 5a-CVB significantly increased serum AST, ALT, LDH, and amylase, whereas 3a-CVB induced mild elevation of ALT ([Figure 5](#fig5){ref-type="fig"}A). By contrast, there was no significant elevation of these enzymes, including ALT, in mice treated with 53a-CVB, suggesting almost complete elimination of CVB-induced organ toxicity ([Figure 5](#fig5){ref-type="fig"}A). Moreover, a pathological study revealed that the 53a-CVB-treated mice did not have pancreatitis, in contrast with mice treated with the other miRT-CVBs ([Figure 5](#fig5){ref-type="fig"}B). Moreover, there were no pathological changes in the heart or liver in mice treated with 53a-CVB, as in mice treated with other CVBs ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S4C).Figure 5Extremely Low Pathogenesis of 53a-CVB in Mice Transplanted with H1299 CellsH1299 cells (5 × 10^6^) were transplanted s.c. into BALB/c nude mice; then the indicated viruses or vehicle controls were inoculated with 5 × 10^6^ TCID~50~ 2 days after transplantation. (A) Mouse blood samples were collected 2 days post-infection, followed by immediate analysis of serum ALT, AST, LDH, and amylase. Data represent means ± SD (n = 8/group). \*\*\*p \< 0.001 versus control mice (Tukey's test); ^†^p \< 0.05, 53a-CVB group versus 3a-CVB3 group (Tukey's test). (B) Representative pathological findings of pancreas. All experiments were repeated twice. (C) Viral load in mouse organs and serum. Copy numbers of the virus genome in each organ or serum were quantified by qRT-PCR. The limit of detection is indicated by the dashed line (2 × 10^4^ copies of virus RNA per ng). Data represent means ± SD of triplicated experiments. (D) Immunohistochemistry of mouse heart. Expression of CVB3 VP1 in myocardial cells treated with three doses of virus injections (brown signals). (B and D) Magnification, 10× + 2× zoom. Scale bars, 100 μM.

Biodistribution of CVBs in Tumor-Harboring Mice {#sec2.9}
-----------------------------------------------

To determine the proliferation site of CVBs in mice transplanted with human lung cancer, we examined copy numbers of the CVB genome in each mouse organ. In mice treated with WT-CVB, the pancreas contained the highest number of viral copies besides tumors, followed by the spleen, heart, and lungs. Of note is that in 53a-CVB-treated mice, the pancreas showed about 1/100 of the viral copy numbers detected in WT-CVB-treated mice, and the other organs did not show any detectable viruses, even though the tumors of both mice had almost the same viral load ([Figure 5](#fig5){ref-type="fig"}C, left). To address why there was a low but detectable level of viral load in all organs except the pancreas of WT-CVB-treated, but not 53a-CVB-treated, mice despite having no obvious signs of tissue damage in these organs, we examined the serum viral load and found a high viral load in WT-CVB-treated mice ([Figure 5](#fig5){ref-type="fig"}C, right). These results suggested that the pancreas was a viral reservoir providing viruses to circulating blood, and the high circulating viral load resulted in the detection of viruses in uninfected organs of WT-CVB-treated mice. These data were consistent with the maintained antitumor effect and very low toxicity of 53a-CVB, indicating that 53a-CVB is an excellent OV with the highest efficacy and safety.

Reduced Toxicity of 53a-CVB in a Myocarditis Mouse Model {#sec2.10}
--------------------------------------------------------

Because CVB3 is known to induce myocarditis, we further evaluated the cardiac toxicity of 53a-CVB by using a mouse model. In mice receiving three doses of WT-CVB injected in the tumors, there were signs of myocarditis such as mononuclear cell infiltration in heart cells and expression of CVB VP1 in myocardial cells ([Figure 5](#fig5){ref-type="fig"}D; [Figure S6](#mmc1){ref-type="supplementary-material"}). In contrast, 53a-CVB-treated mice did not show any evidence of myocarditis, further suggesting that 53a-CVB is safe.

No Obvious Toxicity of 53a-CVB in an Immunocompetent Mouse Bearing Mouse Lung Cancer {#sec2.11}
------------------------------------------------------------------------------------

To address whether any immunogenic response against CVBs could induce an adverse effect *in vivo*, we evaluated the toxicity of CVBs in syngeneic tumor transplantation models. C57BL/6J mice bearing subcutaneous tumors of mouse lung cancer TC-1 cells, which are susceptible to CVB3 ([Figure 6](#fig6){ref-type="fig"}A), received an i.t. injection of WT-CVB, 5a-CVB, 3a-CVB, or 53a-CVB. After 48 h, blood and organs were collected from those mice, and there were very similar findings to that of nude mouse xenograft models. This result further indicated that 53a-CVB also has extremely low toxicity in immunocompetent mice ([Figures 6](#fig6){ref-type="fig"}B and 6C).Figure 6Low Toxicity of 53a-CVB Treatment in an Immunocompetent Mouse with Lung Cancer(A) Representative images of mouse lung cancer TC-1 cells inoculated with indicated viruses at an MOI of 10^−2^ to 1. The cytotoxicity of each virus was determined at 72 h post-infection. (B) Blood biochemistry test of an immunocompetent mouse bearing TC-1 cells. C57BL/6J mice were injected with indicated CVBs or vehicle controls 2 days after syngeneic TC-1 cell transplantation. Mouse serum samples were measured for ALT, AST, LDH, and amylase. Data represent means ± SD (n = 4/group). \*\*p \< 0.005; \*\*\*p \< 0.001 versus control group (Tukey's test). (C) Pathological images of the pancreas of mice injected with vehicle control, WT-CVB, 5a-CVB, 3a-CVB, or 53a-CVB. Original magnification ×20. Scale bars, 100 μM.

Discussion {#sec3}
==========

OVs are considered to be promising tools for cancer treatment, even for patients with disease that is resistant or refractory to chemotherapies or radiotherapies.[@bib3] Although many OVs have been developed over the past two decades, the number of successful examples remains limited because of insufficient tumoricidal effects caused by low receptor expression or insufficient viral amplification and transmission, off-target toxicity to normal tissues, and unwelcome induction of neutralizing antibodies. These problems must be resolved in order to develop novel OVs with improved outcomes. In a previous study, we showed that CVB3 exerts a strong antitumor effect in a wide variety of tumors because of the broad expression of its receptors and its rapid replication in tumor cells.[@bib10] However, we observed non-negligible toxicities, particularly in pancreases, during the further characterization of WT-CVB for the purpose of clinical translation. Although WT-CVB did not cause death in NSCLC xenograft mice, those toxicities must be eliminated in order for CVB3-based OV to be used in the clinic. To this end, we adopted a gene expression regulation method using miRNA.

To date, the target sequences of let-7 miRNA family members, which are widely expressed in normal tissues, have been used to reduce toxicity of OVs in normal tissues. Insertion of the let-7 targets in OVs, however, often decreases not only normal tissue toxicity but also antitumor activity because of the extensive overlap in target sequences among its various family members.[@bib31] Therefore, we tried to find other miRNA-regulating systems with stronger on-target effects and milder off-target effects. miR-34a, which is downregulated in various cancers, was reported to inhibit the tumor growth of many types of cancers including NSCLC *in vitro* and *in vivo*.[@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38] Consistent with a previous report,[@bib24] we observed generally higher expression of miR-34a and miR-34c in normal tissues than in cancer cells ([Figures 1](#fig1){ref-type="fig"}A and 1B). Conveniently, in contrast with let-7, the miR-34 family consists of only three members, suggesting less interference among the family members. These findings encouraged us to develop safer and novel CVB3-based OVs by inserting miR-34 target sequences into the viral genome. As expected, the insertion of miR-34aT and miR-34cT in CVB3s specifically reduced the cytotoxicity in miR-34a- and miR-34c-transfected H1299 cells, respectively ([Figure 1](#fig1){ref-type="fig"}D), and the miRT-CVBs showed very low toxicity in normal organs without losing the antitumor effect in mice harboring H1299 xenografts. Interestingly, despite the high level of expression of miR-34a, A549 and HeLa cells were killed by miR-34aT-CVBs much more efficiently than normal bronchial BEAS-2B cells. The miR-34a-independent replication in cancer cells was suggested to be at least partially dependent on the PI3K/Akt and/or MAP/ERK/MEK pathways, which are aberrantly activated in many tumor cells ([Figure 4](#fig4){ref-type="fig"}H; [Figure S5](#mmc1){ref-type="supplementary-material"}). Therefore, miR-34aT-CVBs, particularly 53a-CVB, are thought to have antitumor effects in a wide variety of tumors, with low toxicity. Additionally, the slower amplification of miRT-CVBs ([Figure 4](#fig4){ref-type="fig"}C) did not affect the antitumor effect *in vitro* and *in vivo* ([Figures 1](#fig1){ref-type="fig"}F, [2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}D, and 4E), but could contribute to reducing the circulating virus ([Figure S7](#mmc1){ref-type="supplementary-material"}), resulting in less toxicity in normal organs.

When inserted into CVBs, miR-34aT was more effective than miR-34cT at reducing toxicities in normal tissues, possibly because all organs (including heart and pancreas, which are susceptible to CVB3) express miR-34a, whereas miR-34c is expressed only in lung and brain. Another possible reason for the difference in efficacy is the difference in miRNA target sites. Although miR-34a and miR-34c belong to the same seed family and share the same seed region (5′-GGCAGTG-3′),[@bib22] the complementary sequences of the seed region and adjacent base of miR-34a are an 8-mer-type site, whereas that of miR-34c is a 7-mer-m8-type site ([Figure S8](#mmc1){ref-type="supplementary-material"}). Although controversy persists on this issue, the 8-mer-type site is thought to induce miRNA inhibition much more strongly than other types of sites, including 7-mer-m8.[@bib39], [@bib40], [@bib41], [@bib42] Therefore, the toxicities of 5a-CVB and 3a-CVB should be lower in miR-34a-expressing cells than those of 5c-CVB and 3c-CVB in miR-34c-expressing cells ([Figure 1](#fig1){ref-type="fig"}D).

On the other hand, the insertion site of miRT is another important factor to consider when seeking to suppress viral replication while maintaining oncolytic activity. Previously, the 5′ UTR[@bib26], [@bib43], [@bib44] and 3′ UTR[@bib15], [@bib17] of CVB3 tolerate sequence insertion, although the core sequence of the internal ribosome entry site (IRES) was located at nt 432--639 of CVB3 genome (5′ UTR),[@bib45] and in the 3′ UTR, sites at nt 7,387 and 7,359--7,360 do not tolerate sequence insertion.[@bib26] Thus, we avoided those sensitive sites for the purpose of miR-34aT and miR-34cT insertion. As expected, we could successfully insert miRTs into the 5′ UTR, immediately upstream of the start codon, and into the 3′ UTR at nt 7,305, without losing the antitumor effect of the original CVB3. We also found that 3-CVBs exhibited significantly lower pathogenicity than 5-CVBs ([Figure 3](#fig3){ref-type="fig"}). Although we have not yet determined the reason, it seems that the effects of miRNAs are dependent on the locations of their target sequences. Several experimental[@bib40], [@bib46], [@bib47], [@bib48] and computational[@bib49], [@bib50] studies reported that an miRNA can inhibit an mRNA more efficiently when the target sequence is in the 3′ UTR than in the 5′ UTR or open reading frame. Although the mechanism underlying the reduced efficacy of miRNA in the 5′ UTR remains unknown, it may involve detachment of RISC from the mRNA: RISC could easily be detached from miRTs when ribosomes bind to the 5′ UTR at the beginning of translation, resulting in failure of miRNA regulation.[@bib20]

Although miRNA-mediated regulation is sometimes saturable and cannot always control target expression,[@bib51] 8× miRT was reported to induce miRNA regulation more strongly than 4× in the single location.[@bib52] Ruiz et al.[@bib17] reported that when miRNA-targeted viruses were serially passaged *in vitro* in the presence of the cognate miRNAs, large deletions within the insertion were observed. Multiple insertions of miRTs seemed to be a practical and easy strategy for improving the safety of 3a-CVB and avoiding the emergence of total deletion of an miRT insertion. Therefore, we engineered 53a-CVB by inserting 4× miR-34aT sequences in both the 5′ and 3′ UTRs. Even if deletion of miR-34aT occurred in one of the two miR-34aT sites in the 5′ and 3′ UTRs, miR-34a was still accessible to the other miR-34aT site in the CVB genome, and virus replication would still be controllable by miR-34a. As expected, 53a-CVB exhibited an additive reduction in toxicity relative to 5a-CVB and 3a-CVB, with little toxicity in WT-CVB-sensitive organs such as the liver and pancreas in mouse tumor models ([Figure 5](#fig5){ref-type="fig"}). Moreover, 53a-CVB did not lose any of the antitumor activity of the original WT-CVB *in vitro* or *in vivo* ([Figures 4](#fig4){ref-type="fig"}B--4E), and could thus induce complete regression of tumors in all mice without obvious signs of adverse effects.

In conclusion, we successfully developed a potent and safe OV, 53a-CVB, by inserting miR-34aTs in both the 5′ UTR and 3′ UTR of WT-CVB. The effects on antitumor immunity, an important mechanism of tumor inhibition by WT-CVB, and on other types of tumors remain to be addressed in future studies. Nonetheless, our findings indicate that 53a-CVB is a promising OV that could be useful in the clinical setting because of its minimal toxicity and strong oncolytic effects.

Materials and Methods {#sec4}
=====================

Mice {#sec4.1}
----

Four- to five-week-old female BALB/c nude mice and C57BL/6J mice were purchased from Oriental Yeast (Tokyo, Japan). We have received the approval for the animal experiments from the University of Tokyo and Japanese government. All animal experiments were carried out under the Guidelines for Animal Experiments of The University of Tokyo and Law 105 Notification 6 of the Japanese Government.

Cell Lines {#sec4.2}
----------

Human NSCLC (NCI-H1299), pancreatic cancer (AsPC-1), cervical adenocarcinoma (HeLa), and human normal lung bronchial epithelium (BEAS-2B) cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). A human lung carcinoma (A549) cell line was purchased from Riken Cell Bank (Wako, Japan).

Construction of miR-34a/cT-Containing CVB Plasmids {#sec4.3}
--------------------------------------------------

As a plasmid coding for full-length CVB3 (Nancy strain) infectious clone cDNA, pBluescript II KS-CVB3 was used as the starting material for genetic manipulations. To insert miR-34a/cT in CVB cDNA, pBluescript II KS-CVB3 was first linearized by PCR (94°C for 2 min; 30 cycles of 98°C for 10 s, 60°C for 30 s, and 68°C for 6 min; and finally 72°C for 7 min), then treated with *Dpn*I (TOYOBO, Osaka, Japan) for 1 h at 37°C to digest any residual template plasmid. To prepare the insert fragments of miR-34a/cT or miR-39T (control), we used synthetic DNA oligomers ([Table 1](#tbl1){ref-type="table"}) as templates for PCR. Following the PCRs, the vector was purified by gel extraction (approximately 10 kb), and the linearized vectors and inserts were ligated using the In-Fusion HD Cloning Kit (Takara Bio, Kusatsu, Japan). The closed circular plasmid clones were obtained by transformation with DH5alpha (TOYOBO). The insertion of miR-34a/cT was confirmed by sequence analysis.Table 1Sequences of Inserted miRNA Targets for Novel Recombinant CVB3 VirusesmiRTInserted Sequence (5′--3′)miR-34aT × 4ACAACCAGCTAAGACACTGCCAcgat\
ACAACCAGCTAAGACACTGCCAaccggt\
ACAACCAGCTAAGACACTGCCAtcac\
ACAACCAGCTAAGACACTGCCAmiR-34cT × 4GCAATCAGCTAACTACACTGCCTcgat\
GCAATCAGCTAACTACACTGCCTaccggt\
GCAATCAGCTAACTACACTGCCTtcac\
GCAATCAGCTAACTACACTGCCTmiR-39T × 4 (control)CAAGCTGATTTACACCCGGTGAcgat\
CAAGCTGATTTACACCCGGTGAaccggt\
CAAGCTGATTTACACCCGGTGAtcac\
CAAGCTGATTTACACCCGGTGA[^1]

Production of Recombinant Viruses {#sec4.4}
---------------------------------

Plasmids containing the full-length miRT-CVB cDNA were linearized with SalI-HF (NEB, Ipswich, MA, USA), and the reaction was terminated by adding 1/10th volume of ammonium acetate solution (5 M) and two volumes of ethanol. Transcription reaction was performed using the MEGAscript T7 Transcription kit (Thermo Fisher Scientific, Waltham, MA, USA) and purified by phenol-chloroform extraction and ethanol precipitation. H1299 cells were transfected with 50 μg RNA of each virus using Lipofectamine 3000 (Thermo Fisher Scientific). At 24--30 h after transfection, the culture medium was collected and used to inoculate H1299 cells. After 6--10 h, the cells were collected with a cell scraper followed by three freeze-thaw cycles; then the cell lysate was centrifuged to separate cell debris. The supernatants were collected as virus stocks, and the aliquots were stored at −80°C.

Virus Titration and Single-Step Growth Curve Analysis {#sec4.5}
-----------------------------------------------------

H1299 cells (5 × 10^3^ cells/well) were seeded into 96-well plates and incubated at 37°C for 8 h. Ten-fold serial dilutions of each virus stock were prepared, and 50 μL of each dilution was added to each of eight replicate wells. After 5 days of culture, cell lysis in each well was evaluated, and the titer was calculated by TCID~50~ as previously described.[@bib53] To determine the replication of CVBs in H1299 with or without miR-34a or miR-34c transfection, or BEAS-2B cells, the cells were subjected to single-step growth curve analysis. In brief, the cells were inoculated with viruses at an MOI of 3 for 1 h, after which the medium was replaced. At 6, 12, 24, and 48 h post-infection, cells and supernatants were harvested and stored at −80°C. Then all samples were subjected to three freeze-thaw cycles, and cell debris was removed by centrifugation. The supernatant was used for titration with H1299 cells, as described above.

qRT-PCR of miRNA {#sec4.6}
----------------

Total miRNA was extracted from cells or tissues using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific). For miRNA qPCR, cDNA was synthesized from total miRNA using the TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific). Subsequently, real-time PCR was carried out using TaqMan Universal PCR Master Mix (Thermo Fisher Scientific) to detect levels of mature miR-34a/c. U6 small nuclear RNA (snRNA) was used as the endogenous control. Fold changes were calculated by relative quantification (2^−ΔΔCt^ method).

Crystal Violet Staining {#sec4.7}
-----------------------

Cells were infected with viruses at appropriate MOI for 1 h; then the viral supernatant was replaced with fresh media. After 72 h, the cells were stained with crystal violet as previously described.[@bib54]

miRNA Mimics Transfection Experiment {#sec4.8}
------------------------------------

miRNA oligonucleotide mimics were purchased from Bioneer Corporation (Bioneer, Daejeon, Korea). miRNA mimics were transfected into H1299 cells using Lipofectamine RNAiMAX (Thermo Fisher Scientific) at a concentration of 10 μM. Twenty-four hours later, the copy numbers of miR-34a/c were determined by qRT-PCR, as described above. The transfected cells were inoculated with viruses at an MOI of 10^−4^ to 1, and after 72 h, the cells were subjected to crystal violet staining, as described above.

MTS Assay for Cell Viability {#sec4.9}
----------------------------

*In vitro* cell viability was measured using cells (1 × 10^6^) infected with miRT-CVBs by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay using CellTiter 96 AQ~ueous~ One Solution Cell Proliferation Assay (Promega, Madison, WI, USA). To determine the effect of cellular signaling pathway inhibitors on the cytotoxicity of miRT-CVBs, we pretreated cells with 2% fetal bovine serum (FBS) media containing 10 μM MEK1/MEK2 inhibitor PD0325901 (Wako Pure Chemical, Osaka, Japan) or 10 μM PI3K inhibitor LY294002 (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h and then inoculated with miRT-CVBs at an MOI of 10. Sixteen hours after infection, an MTS assay was performed, as described above.

Quantification of CVB3 Copy Numbers in Mouse Organs {#sec4.10}
---------------------------------------------------

To quantify the miRT-CVB genome in mouse organs, we collected tissues for RNA extraction by using an RNeasy Plus Mini Kit (QIAGEN, Germany). To obtain cDNA, we performed reverse transcription for 20 ng of the total RNA with ReverTra Ace qPCR Master Mix (TOYOBO). Subsequently, 2/100 volume of cDNA was subjected to real-time PCR by using PrimeTime Gene Expression Master Mix (Integrated DNA Technologies, USA) and CVB genome-specific primers (forward: 5′-GTGCAAGGCCCTGCCTTT-3′; reverse: 5′-AACGGCCCACCTGTCATAGA-3′) according to the manufacturer's protocol. pBluescript II KS-CVB3 was used to create the standard curve for the calculation of the viral copy numbers. Because the molecular weight of the plasmid is 6.8 × 10^6^ (10,318 bp × 660) Da, 1 ng of the plasmid contains 8.85 × 10^7^ (1 × 10^−9^ × 6.023 × 10^23^/6.8 × 10^6^) copies of the virus genome.

*In Vivo* Therapeutic Studies {#sec4.11}
-----------------------------

To establish xenograft mouse models, 5 × 10^6^ H1299 cells were injected subcutaneously (s.c.) into the right flank of BALB/c nude mice. To establish immunocompetent mouse tumor models, 1 × 10^5^ TC-1 cells were injected s.c. into C57BL/6J mice. After 2 days, when the tumor size reached 0.5 cm in diameter, 5 × 10^6^ TCID~50~ WT-CVB, miRT-CVBs, or vehicle (Opti-MEM; Thermo Fisher Scientific) was injected into the tumors. For multiple injection studies, miRT-CVBs or vehicle was injected i.t. on days 2, 4, 6, 8, and 10 for the total of five times. Tumor size and body weight were measured every other day for 60 days after tumor transplantation, and tumor volume was calculated as (length × width^2^)/2. Mice were euthanized when the diameter of tumors exceeded 1.0 cm or signs of skin ulceration were evident. To address safety issues, the mice were euthanized 2 days after virus injection, and whole blood, heart, liver, and pancreas were collected for biochemical and histopathological analysis. In the myocarditis model, the virus was injected three times 2 days before euthanasia; then the heart was collected for immunohistochemistry (IHC).

Biochemical Analyses {#sec4.12}
--------------------

Serum levels of BUN, AST, ALT, T-bil, Amy, and LDH were measured using an auto-analyzer (SPOTCHEM EZ-SP-4430; Arkray, Kyoto, Japan).

Histopathological Examination {#sec4.13}
-----------------------------

Mouse organs were fixed in formalin for 24 h, washed five times with PBS, and then dehydrated in 75% alcohol. The organs were embedded in paraffin and processed for sectioning and H&E staining by the Pathology Core Laboratory of the Institute of Medical Science, The University of Tokyo (IMSUT). For IHC, heart sections were incubated with mouse monoclonal anti-enterovirus PV1 antibody (1:400, clone 5-D8/1; Dako, Jena, Germany) for 1 h at room temperature. Then the sections were incubated with goat anti-mouse immunoglobulin by using the EnVision+ System, HRP (horseradish peroxidase; Dako) followed by diaminobenzidine reaction (brown signals in [Figure 5](#fig5){ref-type="fig"}D) (Cell Signaling Technology, USA). The prepared sections were observed and diagnosed by a pathologist at IMSUT Hospital using a BZ-9000 fluorescence microscope (KEYENCE, Osaka, Japan).

Statistical Analysis {#sec4.14}
--------------------

All statistical analyses and graphical representations were performed using GraphPad Prism software, version 5.0a (GraphPad Prism, USA). Survival curves were plotted according to the Kaplan-Meier method, and statistical differences were evaluated by log rank test. MTS and biochemical analyses were compared by one-way ANOVA (Tukey's multiple comparison test and Dunnett's multiple comparison test). All differences were considered statistically significant at p \< 0.05.
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[^1]: Uppercase letters represent the miRNA target sequences, and lowercase letters represent spacer elements.
